To develop a strategy that promotes efficient antiviral immunity, hybrid virus-like particles (VLP) were prepared by self-assembly of the modified porcine parvovirus VP2 capsid protein carrying a CD8 ؉ T cell epitope from the lymphocytic choriomeningitis virus nucleoprotein. Immunization of mice with these hybrid pseudoparticles, without adjuvant, induced strong cytotoxic T lymphocyte (CTL) responses against both peptide-coated-or virus-infected-target cells. This CD8 ؉ class I-restricted cytotoxic activity persisted in vivo for at least 9 months. Furthermore, the hybrid parvovirus-like particles were able to induce a complete protection of mice against a lethal lymphocytic choriomeningitis virus infection. To our knowledge, this study represents the first demonstration that hybrid nonreplicative VLP carrying a single viral CTL epitope can induce protection against a viral lethal challenge, in the absence of any adjuvant. These recombinant particles containing a single type of protein are easily produced by the baculovirus expression system and, therefore, represent a promising and safe strategy to induce strong CTL responses for the elimination of virus-infected cells.
CD8
ϩ cytotoxic T lymphocytes (CTLs) play an important role in the elimination of cells infected by pathogens and in the regression of tumors. CTLs recognize antigen-derived peptides presented by major histocompatibility complex (MHC) class I molecules on the cell surface and are usually activated by peptides resulting from the processing of endogenous intracellular proteins (1) . Because antigens have to gain access to the cytosol to enter the class I-restricted presentation pathway, exogenous soluble proteins are usually unable to stimulate CTL responses. Therefore, several strategies have been developed to deliver exogenous antigens into the cytosol. Protein or peptide antigens delivered in association with appropriate adjuvants [complete Freund's adjuvant (2) , incomplete Freund's adjuvant (3), or saponin (4)], liposomes (5), ISCOMs (6) , or in particulate form linked to latex microspheres (7) efficiently stimulate CTL responses. However, alum (aluminum salts) is still the only adjuvant currently licensed for use in human vaccines. Recombinant live vectors [such as attenuated virus, vaccinia virus (8) , mengo virus (9)] or bacteria [bacillus Calmette-Guérin (10), Salmonella (11) , or Listeria (12) ] have also been shown to sensitize CTLs in vivo but are risk-prone. Recombinant canarypox virus expressing gp160 from HIV-1, which cannot replicate in mammalian species, was recently shown to induce CTL responses in humans but only in less than 40% of the volunteers (13) . DNA vaccination may also represent a powerful strategy to activate CTL responses (14) , but the safety of this method remains to be determined. Therefore, the development of a safe strategy to induce CTL responses with nonreplicating antigens is still an important prerequisite for the design of new efficient vaccines.
Recently, we have developed an antigen delivery system based on hybrid recombinant parvovirus like-particles [porcine parvovirus virus-like particles (PPV:VLP)] formed by the self-assembly of the VP2 capsid protein of PPV carrying a foreign epitope at its N terminus. We analyzed the capacity of these nonreplicative pseudoparticles, PPV:VLP, to prime in vivo class I-restricted cytotoxic responses. For this purpose, the CD8 ϩ CTL epitope, residues 118-132 from the lymphocytic choriomeningitis virus (LCMV) nucleoprotein (15, 16) , was inserted into the VP2 capsid protein of PPV [PPV:VLP-(LCMV)]. After expression in insect cells with the baculovirus vector system, the recombinant VP2 protein spontaneously self-assembles into VLPs with a morphology very similar to the native capsid. Recombinant PPV:VLP expressing the LCMV epitope were analyzed for their ability to stimulate in vivo specific cytotoxic responses and to protect mice against a lethal infection with the virus.
The present study demonstrates that chimeric PPV:VLP carrying a single LCMV CTL epitope induced a strong CD8 ϩ class I-restricted CTL response that killed virus-infected cells. Moreover, in vivo immunization with these recombinant PPV:VLP-(LCMV) fully protected mice against lethal choriomeningitis and allowed complete viral clearance in the surviving mice. pPPV29 mod (which contains the PPV VP2 gene), and transformed into Escherichia coli D115 cells. Recombinants containing the LCMV insert were sequenced by dideoxynucleotide procedures to determine the orientation and integrity of the inserted sequences. The recombinant clone containing the LCMV 118-132 epitope in the proper orientation was named pPPV29 mod͞LCMV. The chimeric VP2 sequence was released from pPPV29 mod͞LCMV by BamHI digestion and subcloned into the unique restriction site BamHI from the baculovirus transfer vector pAcYM1. Recombinant clones were analyzed by restriction mapping. The recombinant clone was called pAcYM1͞LCMV͞ppv29 mod.
To generate the recombinant baculoviruses, a mixture of 2 g of purified transfer vector DNA plus 500 ng of parental baculovirus DNA AcRP23lacZϩ was added to Spodoptera frugiperda clone 9 (Sf9) insect cells in the presence of the transfection reagent N- [1-(2,3-dioleoyloxy) propyl]-N,N,Ntrimethylammonium methylsulfate (DOTAP; Boehringer Mannheim). Recombinant baculoviruses were prepared by standard procedures and plaque-purified until no more blue plaques (wild-type) could be detected. Then, high-titer viral stocks of the recombinant baculovirus AcNPV.PPV-LCMV (Ͼ10 8 viruses) were prepared. Characterization and Purification of Recombinant PPV:-VLP-(LCMV). Sf9 cells were infected with AcNPV.PPV-LCMV at a multiplicity of infection of 1 plaque-forming unit (pfu) per cell. Cellular extracts were harvested at 3 days after infection. Protein dissociation buffer was added to each cell extract, the mixtures were heated at 100°C for 5 min and loaded on SDS͞9% polyacrylamide gels. The gels were stained with Coomassie blue or transferred to nitrocellulose membranes for Western blot analysis of PPV VP2 and LCMV 118-132 epitope. The membranes were incubated with rabbit serum containing anti-PPV or mouse serum containing anti-LCMV p118-132 for 2 h at room temperature. After washing, bound antibodies were detected by peroxidase-conjugated protein A with 4-chloronaphthol as substrate until development of color.
For PPV:VLP purification, cells were harvested 72 h after infection, washed with PBS, and lysed by osmotic shock with 25 mM bicarbonate solution at 4°C. PPV:VLP were then purified by salt precipitation with 20% ammonium sulfate. The precipitate was recovered by centrifugation at 12,000 ϫ g for 20 min, resuspended in PBS, and dialyzed overnight against PBS. The identity and properties of the particles were confirmed by SDS͞PAGE, immunoblotting, and electron microscopy. Characterization of PPV:VLP obtained by CsCl sedimentation analysis and electron microscopy revealed properties identical to native PPV virions.
Mice Immunization and in Vivo Depletion of CD4 ؉ or CD8 ؉ Cells. Purified VLPs were diluted in PBS. Mice (two to five mice per group) were injected i.p. in the absence of adjuvant with 10 g of control or recombinant PPV:VLP or with 10 5 pfu of LCMV (17) . In some experiments, mice were injected i.p. with anti-CD4 (GK1.5) or anti-CD8 (H35.17.2) mAbs prepared from ascitic fluids as described (18) . They received 300 g of mAbs at each injection as detailed in figures.
In Vitro Cytotoxic Assay. After immunization of mice, spleens were surgically removed and spleen cells were in vitro-stimulated with 1 M p118-132 peptide and tested for their cytotoxic activity in a 51 Cr release assay, as described (19) . 51 Cr-labeled target cells,
, were pulse-labeled with 50 M p118-132, and the J774 macrophage-like cell line was infected with LCMV. The released radioactivity was measured in the supernatants. The percentage of specific lysis was calculated as 100 ϫ (experimental release Ϫ spontaneous release)͞ (maximum release Ϫ spontaneous release). Maximum release was generated by adding 1 M HCl (P815 assay) or 1% Triton X-405 (J774 assay) to target cells, and spontaneous release was obtained with target cells incubated without effector cells. In all experiments, the spontaneous release from the various targets did not exceed 20%.
Virus Protection Experiment. LCMV (10 1.7 pfu) were inoculated intracerebrally (30 l) to perform protection experiments. Death and survival were recorded during 21 days after the viral challenge and clearance of the virus was checked by anti-LCMV antigen-capture ELISA on mice kidneys. Purified anti-LCMV guinea pig IgG was used as the capture antibody, and purified anti-LCMV mouse IgG was used to detect captured LCMV. Alkaline phosphatase-linked anti-mouse IgG antibodies were then added to detect bound anti-LCMV mouse antibodies.
RESULTS

Preparation of Recombinant PPV:VLP Carrying a LCMV CD8
؉ T Cell Epitope. The baculovirus vector system was used for the expression of the chimeric PPV:VLP containing the LCMV epitope. After electrophoretic analysis and Coomassie blue-staining, a visible extra band of 67 kDa was detected in the extracts of Sf9 cells infected with the recombinant baculovirus AcNPV.PPV-LCMV (Fig. 1a) . The size observed corresponds to the expected size for the chimeric VP2 protein carrying the LCMV epitope. The identity of this protein was confirmed by immunoblotting. Specific antisera against the PPV VP2 or LCMV 118-132 epitope gave a clear positive reaction with the 67-kDa protein (Fig. 1b) . The chimeric VP2 protein was expressed as a cytoplasmic soluble protein that was easily purified by osmotic shock lysis and salt precipitation. Electron microscopy analysis of purified PPV:VLP-(LCMV) confirmed its 25-nm particle structure (Fig. 1c) .
In Vivo Induction of Peptide-Specific Cytotoxic Responses by PPV:VLP Carrying a LCMV CD8 ؉ Epitope. PPV:VLPs carrying the H-2 d CTL epitope of residues 118-132 from LCMV nucleoprotein (15, 16) were analyzed for their capacity to stimulate in vivo cytotoxic responses against the inserted epitope. BALB͞c (H-2 d ) mice were injected i.p. once or twice with 10 g of either control or recombinant PPV:VLP, in the absence of any adjuvant (Fig. 2) . Fourteen or 7 days later, respectively, immune splenocytes were in vitro-stimulated with the priming 118-132 peptide (p118-132) for 5 days. The cytotoxic activity of these effector cells was then tested on p118-132-coated P815 (H-2 d ) target cells. As illustrated in Fig.  2 , a strong peptide-specific cytotoxic response was induced after in vivo priming with the hybrid PPV:VLP-(LCMV), which reached a similar level after one or two injections, demonstrating the strong immunogenicity of these hybrid VLPs in the absence of any adjuvant. Moreover, a strong CTL response was also observed after injection of PPV:VLP-(LCMV) in the presence of 1 mg of alum (Fig. 3A) . The optimal dose of PPV:VLP-(LCMV) to induce a cytotoxic response was found to be 10 g, although a dose as low as 2 g still stimulated a cytotoxic response (data not shown). In vitro-stimulated spleen cells from PPV:VLP-(LCMV)-immunized mice did not kill P815 target cells incubated only with medium, demonstrating the specificity of the cytotoxic response. Furthermore, splenocytes from mice injected with PBS or with control PPV:VLP did not kill p118-132-coated P815 target cells after in vitro stimulation with p118-132 (data not shown and Fig. 2) . Therefore, the induction of p118-132-specific cytotoxic response requires in vivo priming by recom- Spleens were removed at various times after the second PPV:VLP injection as indicated. CTL activity was determined after in vitro stimulation of splenocytes as described in Fig. 2 . Lysis of uncoated target cells was less than 10% and is not shown. Data represent the mean of percent specific lysis from duplicates (SD Ͻ 5%). Data in C were obtained at a 100:1 effector͞target (E͞T) ratio. (Table 1) .
To determine the phenotype of cells responsible for the cytolytic response induced by PPV:VLP-(LCMV), mice were depleted of CD4 ϩ or CD8 ϩ T lymphocytes during immunization. The efficiency of CD4 ϩ or CD8 ϩ T cell depletion was controlled by FACScan analysis of spleen cells and was Ͼ99% (data not shown). The peptide-specific cytotoxic response induced by recombinant PPV:VLP carrying the LCMV epitope was not affected by in vivo CD4 ϩ T cell depletion, whereas anti-CD8 treatment of mice totally abolished the cytotoxic response (Fig. 3B) . Therefore, these results demonstrated that the CTL response stimulated by PPV:VLP-(LCMV) was mediated by MHC class I-restricted CD8 ϩ T lymphocytes. Moreover, these experiments indicate that recombinant PPV:VLP-(LCMV) did not require CD4 ϩ T cells to stimulate a strong CTL response.
Recombinant PPV:VLP Induces a Long-Lasting Memory CTL Response.
To analyze the persistence of the CTL response stimulated by recombinant PPV:VLP carrying the 118-132 epitope, mice received two injections of PPV:VLP-(LCMV) in the absence of adjuvant. One week to 9 months later, their splenic cytolytic activity was tested against p118-132-coated P815 target cells. As illustrated in Fig. 3C , immunization with PPV:VLP-(LCMV) induced a very efficient and long-lasting CTL response that persisted at least 9 months after the last injection. This study also provided evidence that recombinant PPV:VLP were not toxic for mice, because these animals did not develop any side effects or loss of weight during these 9 months.
In Vivo Induction of Virus-Specific CTLs by Immunization with Recombinant PPV:VLP. To assess the capacity of effector cells from PPV:VLP-(LCMV)-immunized mice to recognize the CTL epitope presented by virus-infected cells, their cytotoxic activity was tested against LCMV-infected J774 target cells. This experiment showed that splenocytes from PPV:-VLP-(LCMV)-primed mice were able to very efficiently kill LCMV-infected target cells after in vitro stimulation with p118-132 (Fig. 4) . These effector cells did not lyse uninfected J774 target cells, thus, showing the specificity of the CTL response. Injection of BALB͞c mice with control PPV:VLP or with PBS did not induce any LCMV-specific cytotoxic activity, whereas mice inoculated i.p. with LCMV developed a strong CTL response, as reported (20, 21) .
Recombinant PPV:VLP Protects Mice Against a Lethal LCMV Challenge. To analyze the capacity of hybrid PPV:VLP-(LCMV) to protect mice against lethal viral infection, BALB͞c mice were immunized twice, on days 0 and 21 with 10 g of control or hybrid PPV. Seven or 49 days later, they were injected intracerebrally (i.c.) with 10 1.7 pfu of LCMV Armstrong strain, which induces a lethal acute choriomeningitis in normal mice (20, 21) . Mice immunized with recombinant PPV:VLP-(LCMV) were fully protected against a lethal virus challenge performed on day 28 (Fig. 5A) . As expected, control PPV:VLP-or PBS-immunized mice developed a fatal choriomeningitis in the 8 days after the i.c. viral inoculation, whereas mice previously injected i.p. with LCMV were protected against an i.c. challenge. An effective protection (60%) was also observed after challenge of PPV:VLP-(LCMV)-immunized mice with 10 3.5 pfu of LCMV (data not shown). In addition, mice immunized with PPV:VLP-(LCMV) were also protected against a 10 1.7 -pfu viral challenge performed on day 70 (Fig. 5B) , indicating that recombinant PPV:VLP induced a long-term protective immunity against LCMV. Twenty-one days after LCMV challenge, no virus (titer Ͻ 1:20) was detected by antigen-capture ELISA in the kidneys of surviving mice immunized with PPV:VLP-(LCMV) or with LCMV, indicating a complete viral clearance (data not shown). Moreover, all surviving mice developed high levels of LCMVspecific IgG (data not shown).
We investigated the role of CD4 ϩ and CD8 ϩ T cells in the hybrid PPV:VLP-induced protection of mice against the virulent virus. Mice were in vivo-depleted of CD4 ϩ or CD8 ϩ T cells before and during immunization with PPV:VLP-(LCMV) and were then i.c. challenged at day 28. Whereas only 1 of 11 CD8 ϩ -depleted mice survived the LCMV challenge, CD4 ϩ depletion did not modify the survival of immunized animals (Fig. 5A ). These results demonstrate that (i) CD4 ϩ are not required to induce protective immunity against LCMV and (ii) immunization of mice with hybrid PPV:VLP carrying a single viral CTL epitope induced a strong CD8 ϩ CTL response, which conferred full protection against a lethal viral challenge.
DISCUSSION
Several live vectors were previously shown to induce a protective anti-LCMV immune response. Attenuated Listeria monocytogenes carrying the whole LCMV nucleoprotein or a nucleoprotein epitope were able to protect mice against a lethal viral challenge (12, 22) . Other live attenuated viral vectors such as vaccinia virus (23, 24) , mengo virus (9) or influenza virus (25) expressing LCMV proteins or epitopes also stimulate protective immune responses. However, the majority of these live vectors are potentially risk-prone.
To our knowledge, the present study demonstrates for the first time that nonreplicative parvovirus-like particles carrying a single viral CTL epitope are able to induce complete protection of mice against a lethal viral infection through the induction of virus-specific MHC class I-restricted CD8 ϩ CTLs. These CTLs kill both peptide-coated target cells and virusinfected cells, indicating that the effector cells recognize naturally processed epitope from the infectious virus. This strong in vivo CTL response induced by PPV-like particles formed by the hybrid VP2 protein carrying the LCMV 118-132 CTL epitope does not require adjuvant and persists during months after immunization. Moreover, the ability of these hybrid PPV:VLP-(LCMV) to induce CTL responses and to protect mice against viral infection does not require CD4 ϩ helper T cell function. These results are in accordance with results obtained with LCMV (26, 27) .
Because they provide a safe antigen delivery system, various particulate carrier systems using viral proteins have been widely analyzed for their immunogenicity. The chimeric particles made by self-assembly of hepatitis B surface antigencontaining HIV-1 determinants (28) or HIV Gag particles (29) have been shown to stimulate specific CTL responses. VLPs made with the yeast retrotransposon Ty protein carrying HIV epitopes or influenza virus NP epitopes also induced CTL responses when injected to mice in the absence of adjuvant (30) . However, so far, none of these VLPs was shown to induce protective immunity in a lethal infection model. Moreover, a phase I study showed that p17͞p24-Ty-VLP was unable to induce antigen-specific CTL responses in healthy subjects (31) .
Interestingly, Ty:VLP or hepatitis B surface antigen particles are unable to induce CTL response when administered to mice in the presence of adjuvant such as complete Freund's adjuvant, incomplete Freund's adjuvant, or alum (30, 32) . In contrast, mice immunized with PPV:VLP-(LCMV) mixed with alum developed a CTL response similar to those induced after injection of PPV:VLP-(LCMV) in PBS. The reasons for such a discrepancy are unclear. However, it was recently suggested that alum suppresses the capacity of Ty:VLP to induce CTLs because the intact particulate structure of hybrid Ty:VLP is strictly required for CTL induction and is compromised by emulsification or precipitation with adjuvant (33) . It should therefore be proposed that PPV:VLPs are either more stable than other VLPs or follow a different antigen-presentation pathway.
Several hypothesis may explain the strong potential of chimeric PPV:VLP to induce CD8
ϩ CTL response. They may gain access to the cytosol after fusion between lipidic structure and cellular membrane, as shown for liposomes (5, 34). However, since PPV:VLPs are made by self-assembly of a single protein and do not carry any lipid, this mechanism is unlikely. The high immunogenicity of PPV:VLP is, therefore, more probably due to its 25-nm particulate form that can favor its optimal delivery to the class I antigen presentation pathway. Indeed, it was demonstrated that native 22-nm hepatitis B surface antigen particles displayed high-efficiency induction of class I-restricted CTLs in vivo (35) . Ovalbumin linked to 1-m synthetic latex particles also stimulated CTL responses in vitro and in vivo by an alternative novel pathway to present MHC class I-restricted peptides (7, 36) . Thus, particulate PPV:VLPs can probably enter this novel cytosolic class I antigen presentation pathway after endocytic uptake by macrophages and͞or dendritic cells. These pseudoparticles may also be taken up by macropinocytosis in macrophages, providing access for VLPs to the cytosol of antigen-presenting cells (37) .
The internalization of hybrid PPV:VLP could also be increased by binding to a PPV-specific receptor expressed by the virus target cells, as reported, for instance, for the CD46 receptor of the measles virus, implicated in virus MHC class II-restricted presentation (38) . Although the PPV receptor is yet to be characterized, one receptor of human parvovirus B19 has been identified on erythrocytes and at a lower level on endothelial cells, and placenta, fetal liver, and heart cells (39) . Moreover, it has been demonstrated that some parvoviruses such as canine parvovirus and minute virus of mice use carbohydrates for cellular attachment (40) . These data suggest that glycan-binding properties of parvoviruses may favor a nonspecific quick uptake and processing of these PPV:VLP by antigen-presenting cells. The detailed process carried out by PPV:VLP to enter the cytosolic class I presentation pathway is currently under investigation.
Our results clearly demonstrate that hybrid PPV:VLPs provide a safe and efficient strategy to induce CTLs and to stimulate anti-viral immunity. These recombinant pseudoparticles represent a promising strategy to present several CTL epitopes from the same or different viral proteins or to deliver simultaneously helper CD4 ϩ and cytotoxic CD8 ϩ T cell epitopes to the immune system. Indeed, we (ref. 41 and unpublished observations) demonstrated that chimeric PPV:VLPs expressing a CD4 ϩ T cell epitope from the VP1 protein of poliovirus type 1 or from the PreS2 region of hepatitis B virus stimulated CD4 ϩ T cell proliferative responses and cytokine product.
In conclusion, to our knowledge, the present study represents the first demonstration that recombinant pseudoparticles formed by hybrid viral protein carrying a single viral CTL epitope can confer protection against a lethal viral infection, providing a novel and safe strategy to develop vaccine applications.
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